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For the sake of convenience the function of the lungs may be divided into (1) ventilatory and (2) respiratory. The ventilatory function has to do with the mechanical moving of air in and out of the lungs, while the respiratory function deals with the diffusion of gases between the alveoli and the blood stream. We will consider these two divisions of function separately and will finally consider how they may be affected by certain changes in cardiovascular physiology.
Apparatus
First it may be well to review briefly the apparatus available for measurement of pulmonary function. For measurement of the lung volume or the ventilatory exchange various types of spirometer have been employed. The Roth-Benedict spirometer is the one most commonly available, for it is the type often used for BMR determinations. It is equipped with a soda-lime container for the removal of CO2. Another type, the Tissot spirometer, is an inverted can with a waterseal, constructed on the same principle as is the Roth-Benedict, except that it does not have the CO2 "scrubber." It is therefore used primarily for the collecting of exhaled air or as a source of inspired air, where this is not rebreathed into the container. A third, the Krogh spirometer, is built in the form of a box-like container that pivots on a knife-blade and may therefore offer less friction in tests requiring a high degree of sensitivity. A kymograph is usually used in conjunction with these spirometers so that measurements may later be calculated from a calibrated graphic record. Still another method for measuring lung volume * From the Department of Surgery, Yale University School of Medicine, and supported by a grant from the Office of Naval Research, (N6oir-44 Task XI).
and ventilatory exchange incorporates the use of a Douglas bag and a modified gas meter. This apparatus has the advantage of being easily carried about and offers a convenient way by which walking ventilatory requirements may be checked.
For the measurement of the relative gas concentrations in expired air the Henderson-Haldane gas analysis apparatus may be obtained. In principle, this apparatus consists of a calibrated glass tube held in a water jacket. The lower end of the tube is connected with a leveling bulb of mercury. The upper end, through a triple stopcock, may be made to connect with an attached sampling tube, a container of KOH, or a container of pyrogallol. After a given sample is introduced into the measuring tube, it is washed back and forth into the KOH until a constant residual volume indicates that all of the CO2 has been removed. The remaining gas can then in like manner be washed back and forth into the pyrogallol until all the 02 has been removed. The Recently a microdetermination method has been described by Scholander46 which is reported to permit the determination of carbon dioxide, oxygen, and nitrogen in 0.5 cc. of respiratory gases with an accuracy of ± 0.015 volume per cent. A given analysis is said to require only from 6 to 8 minutes.
For the measurement of the gas concentrations in the blood the Van Slyke manometric apparatus may be used. This, in principle, consists of a calibrated container connected at the lower end with a mercury manometer and a leveling bulb. By this means, after blood is placed in the container, it may be subjected to a considerable negative pressure by lowering the leveling bulb. When the blood is subjected to appropriate negative pressures and shaken by an attached electric motor, the gases are evacuated from the solution. Suitable reagents may then be run into the container so as to absorb first the CO2 and later the 02. The manometric changes following complete absorption of each gas may be converted into terms of volume per cent of the gas present. For further details of these classical methods the reader is referred to Peters and Van Slyke. 4" In 1943 Roughton and Scholander" described a "syringe-capillary" method for the microdetermination of blood oxygen. In their method only 40 cu. mm. of blood are required and they report that an accuracy of 0.15 to 0.20 volume per cent may be attained with this procedure which requires only about ten minutes for the performance of one determination.
A more convenient and faster method for estimating blood oxygen concentration is possible through the' use of the oximeter devised by This, then, comprises the basic equipment for use in tests of pulmonary function. Certain additional items will be considered in the discussion of special tests.
Ventilatory measurements Lung volume determinations have been found useful in recognizing certain pathological conditions. The nomenclature of the subdivision of lung volume has varied with different investigators. That which appears to have received most widespread acceptance is indicated in figure 1 . Thus the equilibrium base line, may be taken as the volume of air in the lungs while at rest after a passive expiration. This volume is the sum of a reserve volume, which may be expired with a maximal expiratory effort, plus a "residual" volume which still remains. The volume of air taken in with each breath during quiet, resting breathing, is called the "tidal" volume. The greatest amount which can be inhaled, starting from the equilibrium level, is the complemental volume, and the greatest amount which can be exhaled after such an inspiration is the vital capacity. From this it is to be noted that with a relative increase in the residual capacity, the vital capacity must show a similar change inversely, provided total volume remains the same. low the normal (according to standard tables based on body weight or surface area) "should be most carefully examined for disease conditions interfering directly or indirectly with functions of the heart or lungs." But he observed that there remained a small group of persons with low vital capacities in whom no cause had been found. After a study of "1000 consecutive adult patients who came for surgical treatment to the Mayo Clinic, irrespective of age, occupation, sex, stature, degree of physical fitness or walk of life," Moersch,37 found that a sufficient number of this heterogeneous group had a vital capacity below 85 per cent of normal to warrant the con-clusion that this could not be considered as a definite indication of pathology in all cases. Table 1 , taken from his paper, indicates the Slyke. But there was a rather good correlation with the "radiological chest volume," a value determined by multiplying the surface area of the lung fields taken from postero-anterior x-ray films by the external anteroposterior diameter of the chest. (Surface area was determined with a wheel planimeter.) Thus they were able to conclude that "when the total pulmonary capacity and its main subdivisions are calculated on the basis of the 'radiological chest volume,' at maximum inspiration, the following deviations in the observed values (as compared with the calculated ones) are considered to be significant: A difference of over 15 per cent in the total pulmonary capacity and vital capacity; and of 30 per cent and 40 per cent in the mid-capacity and residual capacity respectively." Also it was noted that when the ratio of the area at maximum expiration:area at maximum inspiration exceeded 72 per cent this was to be taken as an indication of deficient expansion.
Thus a method was introduced whereby observed spirometric values of pulmonary capacity for a given case could be more accurately evaluated in terms of normal by indicating specifically the range of normal to be expected in a young healthy male with a given "radiological chest volume."
Kaltreider, Fray, and Hyde28 went further with this method and studied the correlations to be found with this "radiological chest volume" and the capacity variations found in age groups up to 65 years in males. They found that in the older age groups too, by use of their regression formula, pulmonary capacity could be predicted with a reasonable degree of accuracy. In normal males in the fifth and sixth decades a variation from the predicted values of more than 20 per cent in the observed total and vital capacities, and of more than 40 and 50 per cent in the mid-capacity and residual air respectively was found to be beyond the normal limits of variation. They also found that a residual air capacity in excess of 40 per cent of the total capacity is to be considered significant, of area at maximum expiration area at maximum inspiration x 100 exceeds 71 per cent and if rib movement from maximum expiration to inspiration is less than 9 degrees, chest expansion is to be considered abnormally small. As one might expect, the conditions wherein vital capacity is reduced are those wherein one of the following mechanisms obtains: (1 ) the available air space is encroached upon by some space-occupying lesion, such as an exudate, tumor mass, or a diaphragmatic hernia; (2) the mechanics of the chest wall or diaphragm are altered by some deformity or paralysis; (3) the elasticity of the lungs is decreased, as in emphysema, inflammatory conditions, fibrosis, etc.; (4) the pleural surfaces have become adherent following some pleuritic process; (5) the distensibility of the lungs has been impaired, as in cardiac decompensation, edema, bronchiolar spasm, fibrosis, etc.
As a diagnostic technic the vital capacity determination has not proved so helpful as many of its early enthusiasts had hoped it might. This has largely been on account of the wide range of normal for absolute values and the lack of a base-line vital capacity in most individual cases before the onset of the illness. It would seem that use of the "radiological chest volume" and the regression formulae as presented by the above-mentioned workers, would greatly add to the clinical value of this test. Otherwise the vital capacity determination has its most valuable use in the evaluation of the progress of a given patient with pulmonary or cardiac disease. In fact, it is a sensitive test for beginning compensation during the treatment of heart failure. It Predictions of total lung volume may be made from calculations based on the "radiological chest volume." In young healthy males this was found23 to have a correlation coefficient with total inspiratory volume of + 0.6366 ± 0.0566. The residual air was found to be in very low correlation with these radiological measurements, however.
In studying changes in lung volumes following resection of bronchiectatic portions of lung, Lindskog83 found that resection was often followed by an actual increase in total -lung volume and in vital capacity. This was attributed to the improved ventilatory mechanics exerted by a combination of the following factors: (1) the removal of a poorly functioning, space-occupying portion of diseased lung with subsequent compensatory expansion of the remaining lung tissue; (2) increased distensibility and elasticity of adjacent areas of lung after subsidence of the inflammatory response which had also involved them because of their proximity to the original lesion; and (3) absence of exudate in the trachea and bronchial tree.
Birath's findings2 with respect to changes in total volume, equilibrium volume, and residual capacity that may occur in certain conditions are of interest. In cases of long-standing tuberculous infection he found a tendency toward a diminution of the total capacity, an absolute increase in residual capacity, but no absolute change in equilibrium capacity (with therefore a relative increase in equilibrium capacity with respect to total capacity). Pneumothorax produced no relative changes. In those patients who were two to three months convalescent from a thoracoplasty, there was an absolute decrease in total volume and-equilibrium capacity in the same proportion but with a relative increase in residual capacity. Likewise in 11 patients who had had thoracoplastic operations done ten years before, there was little change in mutual relations between volume fractions. In those cases one to two months convalescent from lobectomy or pneumonectomy the remaining-lung tissue showed a marked rise in ventilatory volume. There was also a rise residual capacity equilibrium capacity in the ratios .~and . attributed total capacity total capacity chiefly to reduction in thoracic mobility. Those Warring. Here the examiner walks with the patient, carrying the bag and setting the proper pace. Later the contents of the bag may be measured in a spirometer or by means of a modified gas meter.5 breathing requirement
After the ratio of batim n .requin t is determined for maximum breathing capacity a given patient, the next problem that arises is how much will a given collapse procedure change the maximum breathing capacity? Schmidt and Gaubatz45 once published some figures based on 700 thoracoplasties, wherein it was concluded that an apical thoracoplasty might be expected to reduce the maximum breathing capacity by as much as 15 per cent, an "tupper" thoracoplasty up to 30 per cent, and a subtotal thoracoplasty up to 40 per cent. The amount of function lost, however, depends to a large extent on how much function has already been lost in a given diseased lung and will therefore vary greatly with different cases.
In an attempt to find a more accurate method for predicting the amount of functional loss to be expected from collapse therapy in a given case, Cournand and Richards"1 made tests of lung volume and breathing capacity, as well as tests of respiratory exchange and cardiovascular function, before and after thoracoplasty in 31 cases, subdivided into the following five groups, depending on the type of disease and the type of preceding therapy (pneumothorax, phrenic paralysis): (1) those cases with neither precedent artificial pneumothorax or phrenic paralysis; (2) those with artificial pneumothorax complicated by empyema; (3) those with a partial, ineffective pneumothorax; (4) those with permanent phrenic paralysis; (5) those with fibrothorax, large cavities in the upper half of the chest, marked contraction of the chest on one side, a high more or less immobile diaphragm, emphysema of the opposite lung, and displacement of the mediastinal structures.
In most of those cases studied by Cournand and Richards, by far the greater part of loss of pulmonary function existed prior to thoracoplasty -even in those cases without previous collapse therapy. There was a positive correlation between the number of ribs resected and the amount of loss in static pulmonary capacity, i.e., vital capacity and total lung volume. But there was no consistent correlation between the number of ribs resected and the change in dynamic ventilatory function, i.e., the maximum breathing capacity. In certain cases, e.g., those with previous permanent diaphragmatic paralysis, the ventilatory function was actually improved. Tables 6 and 7 taken from Cournand and Richards' paper indicate the changes' in the measurements of static and dynamic ventilatory function which they found' in the five above-mentioned groups. They made the statement in their conclusion that "when the breathing reserve is less than 85 per cent of the maximum breathing capacity, 'the possible advantages to be gained by thoracoplasty must be weighed (2) the number and size of capillaries in these alveoli and the speed of blood flow through them; and (3) the gradient of pressure of respiratory gases across the alveolar wall and the physical properties of the wall. Those measurements that will be pertinent, then, will include the determination of the concentrations of the gases in the alveolar air and the blood stream, the concentrations of gases in different parts of the lung, and tests of the functional capacity of the cardiovascular system.
Analysis of alveolar air: In 1905 Haldane and Priestly introduced a method for the sampling of alveolar air. They employed a long tube through which the subject exhaled. Toward the end of the exhalation a sample of the gases was taken from a stopcock in the proximal end of the tube. Thus the dead space air was eliminated and a true alveolar sample obtained. It was rather difficult to get consistent results with this method until a team had become well trained in the technic.
In 1934 Sonne42 designed an apparatus for obtaining multiple successive samples of alveolar air from a single exhalation. With this method he found a significant difference in the gaseous contents of alveolar air, depending upon the part of the lung from which the sample came. His observations revealed that even in the normal lung there was an unequal ventilation of alveoli in different parts of the lung. The peripheral parts of the lung nearest the bellows-like action of the diaphragm and expanding chest wall were actually ventilated more fully than were those alveoli near the relatively immobile hilar region. Intermediate alveoli appeared to be subjected to a degree of ventilation between these two extremes. These findings have been substantiated by serial analyses of alveolar gases after mixing of the lung gases with a known concentration of hydrogen.4" Again, evidence for unequal ventilation of different parts was shown by differences in the hydrogen concentration from different parts of the lung.
That this diminished ventilation which is to be found in the normal lung is not incompatible with a high per cent of oxygen-saturation has been pointed out47 and is evident from a study of the 02-saturation curve of the blood (Fig. 6) . Here Ventilatory equivalents: Since there is not a homogeneous distribution of gases throughout the alveoli, and since this inequality tends to be markedly increased in certain pathological conditions, analyses of alveolar air probably cannot be expected to give as consistently accurate an index to the efficiency of respiration as do methods whereby the total amounts of oxygen absorbed or of carbon dioxide given off over a period of time are measured. Thus the use of the term "ventilatory equivalents" has been found helpful. The ventilatory equivalent for oxygen may be defined as the volume of air respired per 100 cc. of oxygen taken up by the blood. A similar equivalent may be determined for the amount of carbon dioxide given off. Normal values for the oxygen ventilatory equivalent have been studied by Knipping CO2 equivalent is less liable to fortuitous changes than is that for oxygen. The reason for this is that, if short periods of over-breathing occur, the oxygen absorption rate will remain essentially unchanged and there will be an apparent rise in value of the ventilatory equivalent. With CO2, on the other hand, the volume of CO2 breathed off will increase in proportion to ventilation for short periods of over-ventilation, and there will not be a resultant apparent rise in the equivalent.
In 1941 In 1942 Boyer and Bailey4 set out to make a more critical study of ventilation equivalents based on a much larger number of determinations than had yet been made. To begin with they studied the correlation of ventilation with surface area, oxygen consumption, heat production, and carbon dioxide production in 500 subjects. The correlation coefficients were, respectively, + 0.579, + 0.890, + 0.903, and + 0.917. The correlation with heat production and oxygen absorption was. thus very good, but that with carbon dioxide production was still better. Turning their attention to CO2, then, they reasoned that since 1 is actually just another way of expressing per cent CO2 in expired air a ventilatory equivalent, and since the CO2 in expired air is small enough that it may be disregarded, then for practical purposes the concentration of expired and produced carbon dioxide have the same significance. They then adopted a technic whereby the subject inhaled outside air and exhaled into a 100-liter gasometer from which duplicate samples 1.58 Using these methods it has been possible to study the sensitivity of the pulmonary vessels to vaso-pressor drugs.9 Thus far they appear to be relatively unresponsive and their degree of filling and, consequently, their intravascular pressures appear to be a passive response largely dependent upon the systemic venous return and the output of the right heart. By this technic Cournand has strikingly demonstrated how respiratory mechanics produce a very interesting effect upon stroke volume. Thus, during forced inspiration with consequent increased negative intrathoracic pressure, increased systemic venous return, and decreased pulmonary venous return, there was an increased right ventricular output and a decreased left ventricular output. On the other hand, during forced expiration with consequent positive intrathoracic pressure, decreased systemic venous return, and increased pulmonary venous return, there was decrease in the right ventricular output and an increase in the left ventricular output.
162.
The catheterization technic is being found of value in studying pulmonary hypertension associated with chronic lung disease, in the diagnosis of congenital heart disease, and is a particularly promising tool for research into the physiology of cardiopulmonary dynamics. In the evaluation of the respiratory function, determination of the alveolar air composition and its comparison with blood gas composition is important. Certain pathological changes in lung structure may be associated, however, with marked differences in composition of alveolar air in different parts of the lung. Ventilatory equivalents have had little to offer in the past because of the overlapping of the normal range with that of obvious clinical disease. These determinations show increasing accuracy if they are done on the basis of gas analysis, and the CO2 equivalent is found less fortuitous than the 02 equivalent. A welldefined range for the normal CO2 equivalent expressed in mm. of CO2 tension based on a significantly large number of observations is now available.
The use of radioactive isotopes offers another approach to the study of gaseous exchange across the alveolar wall, but little has yet been published in this regard.
Cardiovascular changes that result in marked changes in venous return or in cardiac decompensation have a direct effect on vital capacity and residual capacity, and these capacities have been of use in following the course of patients in heart failure. Detection of more subtle changes may be possible by the combination of the tec-hnic of catheterization of the right heart in conjunction with studies of ventilatory and respiratory exchange, but how useful they will be is yet to be determined.
Data based on a large number of thoracoplasties are available which indicate the limits of decrease in maximum breathing capacity likely to follow certain kinds of thoracoplasties, yet this depends largely on the type of lesion in the given case and the dynamics in that portion of lung to be collapsed. In some cases the maximum breathing capacity is actually increased following a collapse procedure. Bronchospirometry is of considerable use in evaluating individual lung function, particularly the relative function where there is bilateral disease, and results therefrom often prove the radiographic impressions as to functional capacity to be quite misleading.
In the past, tests of ventilatory and respiratory function have had disappointingly little of practical value to offer the clinician in the diagnostic and pre-operative evaluation of a given patient. In the last few years, however, new improvements in method, simpler technics, and better definition of normal base lines have gradually increased the clinical value of these tests, so that now they have a very definite contribution to make particularly in the differential diagnosis of dyspnea and in the handling of subjects for collapse therapy.
